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RecombinationTemperate bacteriophages play a critical role in the pathogenicity of the human pathogen Staphylococcus
aureus by mediating positive lysogenic conversion for different virulence factors such as Panton-Valentine
leukocidin (PVL) or by interrupting chromosomal virulence genes. PVL-encoding phages are integrated in
the S. aureus genome within a conserved ORF which is surrounded by a cluster of tandemly repeated genes.
Here we demonstrate that in S. aureus clonal complex ST80 strains PVL-phage induction led to the
acquisition of host DNA into the phage genome probably due to a homologous recombination event between
direct repeats of the two paralogous genes adjacent to the phage integration site. Phage excision was
accompanied by an additional chromosomal deletion in this region. This so far unrecognized mechanism of
DNA uptake into the phage genome may play an important role in the co-evolution of phages and bacteria.ie und Hygiene, Universitätsk-
gen, Germany. Fax: +49 7071
n.de (C. Goerke).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Temperate bacteriophages play an important role in the pathoge-
nicity of the human pathogen Staphylococcus aureus by either carrying
accessory virulence factors such as Panton-Valentine leukocidin (PVL,
encoded by the luk-PV operon), staphylokinase, enterotoxin A and
exfoliative toxin A or interrupting chromosomal virulence genes such
as ß-hemolysin (encoded by hlb) and lipase upon insertion. Especially
PVL, a pore-forming, bi-component toxin of S. aureus, has recently
gained special prominence because of its strong association with
community-associated methicillin-resistant S. aureus (ca-MRSA) and
methicillin-sensitive (ca-MSSA) strains. These strains are epidemio-
logically associated with diseases such as necrotizing pneumonia and
skin and soft-tissue infections (Diederen and Kluytmans, 2006;
Vandenesch et al., 2003). In the last few years, there was a dramatic
increase in the incidence of ca-MRSA infections in otherwise healthy
individuals. Epidemiological studies of ca-MRSA from different
regions have revealed that strains belonging to distinct clonal
complexes are spreading worldwide. The most prevalent types are
the lineages ST8 (USA300) and ST1 (USA400) in the United States,
ST80 in Europe and the ubiquitous ST30 (Southwest Paciﬁc clone).
PVL was found to be encoded on diverse prophages of S. aureus. To
date 8 different PVL phages have been described in more detail:ΦPVL,
ΦSLT, ΦSa2mw, ΦSa2USA300, ΦSLT-USA300_TCH1516, Φ108PVL,Φtp310-1 and Φ2985PVL (Baba et al., 2002; Diep et al., 2006;
Highlander et al., 2007; Kaneko et al., 1998; Ma et al., 2008; Narita et
al., 2001; Zou et al., 2000). Typically these phages are integrated in the
S. aureus genome into a 29 bp attB-core sequence in the C-terminal
region of an open reading frame (ORF) encoding an unknown protein
(Narita et al., 2001). They all share the same integrase type, Sa2int, but
could be differentiated into the serogroups A and Fb (Goerke et al.,
2009).
Gain of virulence genes is not the only contribution of phages to
the pathogenicity of the bacterial host. They are also a driving force for
microbial diversiﬁcation. Most obviously they can affect the compo-
sition of the bacterial population by switching between the lysogenic
and lytic life style. Furthermore, phages contribute signiﬁcantly to the
transfer of genetic material between bacteria. In S. aureus they are the
primary vehicle of lateral gene transfer between strains, providing the
species with the potential for broad genetic variation. We could show
that phages increase the genome plasticity of S. aureus during
infection facilitating the adaptation of the pathogen to various host
conditions (Goerke et al., 2007; Goerke et al., 2006a,b).
Despite their obvious contribution to the pathogenicity of the
bacterial host little is known about the biology of S. aureus phages.
Recently, we studied the link between the production of the phage-
encoded PVL and prophage induction after mitomycin treatment
(Wirtz et al., 2009). In this context we detected a PVL-carrying phage
which showed an unusual excision from the bacterial chromosome.
Here we describe that prophage induction in S. aureus strain 02-02404
led to the acquisition of host DNA into the phage genome probably
due to a homologous recombination event between direct repeats of
two ORFs adjacent to the phage integration site. This abnormal
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strains of the ST80 complex suggesting a general phenomenon.
Results and discussion
Induction of Φ02-02404 leads to elevated PVL-transcription
An increased transcription of the phage-encoded virulence gene
luk-PV after prophage induction has been detected previously for CC1
(MW2) and CC30 strains (Wirtz et al., 2009). Activation of the SOS
response by the DNA-damaging agent mitomycin C led to the excision
and replication of the phages, thereby increasing the amount of phage
DNA template available for transcription. First we analyzed if this is
also true for the PVL-encoding prophage of ST80 strain 02-02404.
Northern blot analysis revealed that mitomycin treatment resulted in
a marked increase in the amount of the luk-PV transcript in strain 02-
02404 comparable to the control MW2 (Fig. 1). Quantiﬁcation of the
luk-PV mRNA by qRT-PCR led to the detection of 19 times more
transcripts in strain 02-02404 and 12 times more in MW2. In both
strains an increase in recA transcriptionwas observed aftermitomycin
addition. For MW2 we could already show that PVL-prophage
induction and subsequent increased luk-PV transcription is recA-
dependent (Wirtz et al., 2009). The same can be assumed for strain
02-02404.
The enhanced expression of luk-PV indicates a successful prophage
induction and replication in both strains. For direct measurement of
the induction frequency we recently established quantitative real-
time PCR using speciﬁc oligonucleotides which span the attP sites of
the excised PVL-encoding phages (Wirtz et al., 2009). In this PCR both
the newly formed circular phage genomes after rejoining of attP upon
excision and all replicative forms of the phage can be detected. Phage
excision and replication was clearly detectable in strain MW2 but
surprisingly we failed to detect any circular forms of phage Φ02-
02404 (data not shown).
Φ02-02404 excises from the bacterial chromosome
Since the increase in luk-PV expression in strain 02-02404 suggests
an effective phage replication we investigated in further steps the
prophage excision from the bacterial chromosome by Southern BlotFig. 1. Inﬂuence of mitomycin treatment on the transcription of luk-PV and recA in CC1
strain MW2 and in ST80 strain 02-02404. Northern blot analysis was performed 2 h
after 300 ng/ml of mitomycin was added (+) or not added (−) to the culture. Each
analysis was performed in duplicate. The ethidium-bromide stained gel is shown as a
loading control. Below, the ratio of luk-PV mRNA derived from mitomycin-positive
culture to that derived from negative cultures as determined by quantitative RT-PCR is
given as fold-difference. Values from two independent RNA isolations each were used
to calculate the mean ratio (±standard errors of the mean).analysis. These experiments were performed with ST80 strain 02-
02404 in comparison to strain MW2 as a control. When hybridizing
BamHI-digested chromosomal DNA of strain MW2 with luk-PV or
with a phage integrase-speciﬁc probe we could detect the predicted
44 kb and 23 kb fragments, respectively, corresponding to the
integrated form of the prophage ΦSa2mw (Figs. 2A, lane − and B).
After treatment with mitomycin, both probes hybridize strongly to a
46 kb fragment probably representing the linearized, extra-chromo-
somal phage ΦSa2mw (Fig. 2A, lane +). In strain 02-02404 BamHI
digestion of chromosomal DNA revealed that mitomycin induction
also clearly resulted in the excision of the phage from the bacterial
chromosome since the hybridization pattern corresponding to the
integrated phage is shifted (Fig. 2C). But in contrast to MW2, the luk-
PV and the integrase probe hybridize to disparate fragments (33 kb
and 20 kb respectively), suggesting that a secondary restriction site
for BamHI is located downstream of the integrase gene of phageΦ02-
02404, which would lead to restriction of the circular phage into two
fragments. Digestion with the rare-cutting enzyme ApaI was
performed for further clariﬁcation. Restriction resulted in fragments
of 148 kb (luk-PV probe) and 130 kb (integrase probe) length for the
chromosomally integrated state. After treatment with mitomycin
both probes hybridized to a 52 kb fragment, indicating that one
internal ApaI site is present in the prophage and that the excised
phage is linearized by this enzyme. These results suggest that Φ02-
02404 has a genome size of approximately 52 kb.
This unusually large genome seems not to be packaged into phage
particles, since we could not detect any infective viruses using a
restriction-deﬁcient S. aureus host strain (data not shown).
Φ02-02404 integrates bacterial DNA after induction
Next we questioned why Φ02-02404 is approximately 6 kb larger
than the equivalent prophage of strain MW2 and whether this may be
the reason for the observed failure of the attP qPCR in strain 02-02404.
We performed a long-range PCR with the original attP primer for the
mitomycin-treated 02-02404 and for MW2 as a control and could
actually detect a 3.4 kb amplicon in the case of Φ02-02404 (Fig. 3)
indicating that a stretch of DNA became integrated between attL/R
upon prophage induction. This unusual result could be repeated in
two other ST80 strains (TP7 and MRSA1330) suggesting a general
phenomenon in this clonal complex. After sequencing the obtained
PCR product we could deduce that approximately 3.2 kb of the
surrounding bacterial chromosome became integrated into Φ02-
02404 upon phage mobilization. Speciﬁcally 0.35 kb downstream and
2.8 kb upstream of the phage integration site was incorporated after
excision. Thus, the observed negative attP qPCR in strain 02-02404 is
due to the incorporation of host DNA into the genome of Φ02-02404
which is only detectable by long-range PCR.
Recombination between paralogous genes adjacent to the prophage
integration site is probably responsible for unusual phage excision
When analysing the integration site of PVL-encoding phages in S.
aureus it became obvious that the attB containing ORF is surrounded
in all genome-sequenced strains by tandem paralogous genes which
all contain a highly homologous central region of about 350 bp and
variable 5′ and 3′ ends. Tsuru and Kobayashi (2008) suggested
recently that this central conserved regionmay serve as a homologous
recombination site by which the combination of the 5′- and 3′-
variable region of an ORF are changed thus leading to diversiﬁcation of
these paralogs. One scenario is an intra-chromosomal recombination
between the direct repeats resulting in a circle formation which is
subsequently deleted from the chromosome. This mechanism may be
also feasible for the excision ofΦ02-02404 and subsequent deletion of
3.2 kb from the chromosome of strain 02-02404. To test this
hypothesis we performed a long-range PCR employing primers
Fig. 2. Southern blot analysis demonstrating the inﬂuence of mitomycin treatment on the induction of luk-PV-encoding phages from S. aureus strains MW2 (A) and 02-02404
(C). Cultures were left unsupplemented (−) or were supplemented with 300 ng/ml (left+) or 1 μg/ml (right+)mitomycin. Whole chromosomal DNAwas digested with BamHI
or ApaI and hybridized with probes speciﬁc for luk-PV or the Sa2 integrase gene (int). Approximate band sizes are given in kb. (B) Schematic drawing of the chromosomal
integration site of ΦSa2mw in strain MW2 and the circularized phage after induction with mitomycin. After digestion of whole chromosomal DNA with BamHI (black arrows) a
44 kb fragment hybridizing with the luk-PV probe and a 23 kb fragment hybridizing with the integrase (int) probe can be detected if the prophage is chromosomally integrated.
Upon induction, rejoining of phage ends at the attP site results in the detection of a 45.9 kb fragment. Chrom., chromosomal DNA of MW2; attL and attR, left and right attachment
sites of ΦSa2mw; attP, attachment site of circular phage. (D) Schematic drawing of the chromosomal integration site of Φ02-02404 in strain 02-02404 and the circularized
phage after induction with mitomycin. After digestion of whole chromosomal DNA with BamHI (black arrows) a 60 kb fragment hybridizing with the luk-PV probe and a 20 kb
fragment hybridizing with the integrase (int) probe can be detected if the prophage is chromosomally integrated. Upon induction and rejoining of phage ends the two putative
BamHI cleavage sites in the circular form of the phage lead to the detection of a 33 kb luk-PV fragment and a 20 kb int fragment. ApaI restriction (gray arrows) results in a 148 kb
fragment hybridizing to luk-PV and in a 130 kb fragment hybridizing to int. In the circular form the phage contains a single ApaI site leading to the detection of a single 52 kb
fragment. Chrom., chromosomal DNA of 02-02404.
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prophage integration region with the mitomycin-treated 02-02404
as template (Figs. 4A and B). Sequencing of the obtained amplicon
conﬁrmed the chromosomal deletion. Thus, a homologous recombi-Fig. 3. Long-range PCR for the ampliﬁcation of the attP region of ΦSa2mw, Φ02-02404
and the PVL-phages of the ST80 isolates TP7 andMRSA1330. Fragment sizes are given in
kb.nation event between the direct repeats of the paralogous genes
upstream and downstream of the phage integration site may indeed
explain the incorporation of bacterial DNA into phage Φ02-02404.
One explanation for the unusual excision of Φ02-02404 could be
sequence aberrations in the attL/attR site of this phage causing
dysfunction of the normal integrase mediated process. Alignment of
different attL/attR sites revealed that ΦSa2USA300 and ΦSa2mw
share homologues sites whereas the sequence of Φ02-02404 was
identical to that of phages ΦSLT and ΦSa2MRSA252 (Fig. 4C). For
ΦSLT normal excision was already described earlier (Narita et al.,
2001). Thus, att site deviations are probably not responsible for the
observed phenomenon.
Mitomycin treatment leads to an additional deletion of chromosomal
DNA in strain 02-02404
Interestingly, mitomycin treatment leads also to a deletion of
additional paralogous ORFs from the chromosome of 02-02404 which
do not become integrated into the phage genome. This is based on the
following observations: we could detect a 3.8 kb amplicon in the non-
treated, lysogenic cells when employing primers for the ampliﬁcation
of the downstream part of the phage integration site suggesting that
three tandemly arranged paralogous ORFs (ORF1, ORF2, and ORF3)
are present in this region in strain 02-02404 (Fig. 4A). This was
conﬁrmed by sequencing of the amplicon. Ampliﬁcation of the
Fig. 4. (A) Schematic drawing of the chromosomal region surrounding the Φ02-02404 integration site in the ST80 strain 02-02404. The primers LR02-02404-for, circle-rev and
circle2-for, LR02-02404-rev yielded amplicons of 3.8 kb (a) and 3.2 kb (b), respectively, when the phage is integrated (−Mito.). After phage excision (+Mito.) the obtained PCR
product of 1.7 kb (c) can be explained by two homologous recombination events between the direct repeats of paralogs ORF3 and ORF4 (the central conserved regions of the ORFs are
shaded in gray) deleting 3.2 kb of chromosomal DNA and releasing the prophage, and between paralogs ORF1 and ORF3, deleting 2.1 kb of chromosomal DNA. (B) Long-range PCRs
for the ampliﬁcation of regions a, b, and c. (C) Alignment of the 29 bp core sequences of attL and attR of phages ΦSLT, ΦSa2mw, ΦSa2USA300, Φ02-02404 and ΦSa2MRSA252.
Differences in nucleotide sequences are indicated by capital letters.
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prophage induction and integration of 3.2 kb of chromosomal DNA
into the phage genome a 3.8 kb fragment should have resulted when
employing primers LR02-02404-for and -rev. However, only a 1.7 kb
fragment was gained by the long-range PCR leaving 2.1 kb unac-
counted for. This suggests that a second recombination related
deletion has occurred involving the direct repeats of ORF1 and ORF3.
Conclusions
In the ST80 strain 02-02404 mitomycin treatment probably leads
to two homologous recombination events between the direct repeats
of paralogous genes. The ﬁrst results in an unusual prophage excision
in the course of which bacterial DNA is incorporated in the phage
genome, the second in the additional deletion of two paralogous
genes downstream of the phage integration site. An intriguing feature
of prophages is the presence of bacterial genes in the phage genome.
However, the mechanisms for the acquisition of host DNA are mostly
unclear. In the present paper we could demonstrate the interesting
case of an abnormal phage excision in a S. aureus prophage leading to
the incorporation of bacterial chromosomal DNA. This mechanism is
reminiscent of the classical specialized transduction in which host
genes ﬂanking the attachment site of an integrated prophage can be
transferred (Morse et al., 1956). This is most thoroughly characterized
for phage λ. Here on rare occasions a ﬂanking site in Escherichia coliDNA and an internal site in λ are exchanged during an illegitimate
recombination. Packaging of this phage chromosome, followed by
normal infection, can result in the introduction of the adjacent
bacterial genes into a new cell. However, in the case ofΦ02-02404 the
uptake of bacterial DNA most probably leads to a defective phage not
able to be packaged into phage heads and to lyse the host cell. Such a
development – integration of a bacterial gene into the phage genome
and subsequent loss of critical phage functions – has been proposed as
the evolutionary origin of staphylococcal pathogenicity islands (Yar-
arwood et al., 2002). In phage Φ02-02404, genes ﬂanking the
attachment site of the integrated prophage were detected after
mitomycin induction. We could show that this incorporation of
bacterial DNA into the phage genome might be a result of a
homologous recombination between tandem paralogous genes
surrounding the phage integration site. As proposed by Tsuru et al.
diversiﬁcation in this paralog clusters may arise from homologous
recombination events between central conserved regions within the
ORFs (Tsuru and Kobayashi, 2008). One type of rearrangement
resulting from an intra-chromosomal crossing-over would involve a
circle formation which can result in deletion and subsequent re-
integration of paralogous genes. This is a mechanism also proposed to
cause gene ampliﬁcation or phase variation which was shown to be
highly recA-dependent (Barten and Meyer, 2001; Mahan and Roth,
1989). Thus, activation of recA transcription by mitomycin might
trigger homologous recombination between the paralogous genes in
326 C. Wirtz et al. / Virology 406 (2010) 322–327strain 02-02404 leading to the formation of a circle which also
encompasses the integrated prophage. It remains unclear why this
recombination event leading to phage deletion from the chromosome
is so far only observed in ST80 strains. All of the sequenced S. aureus
strains show an analogous organization of tandem paralogous genes
surrounding the PVL-phage integration site. However, we could not
detect similar mechanisms of phage excision in strain MW2.
Additionally, the recombination event may be also triggered by
phage-encoded enzymes, like the Red recombinases (Stahl, 1998).
The PVL-encoding phages may differ in their Red gene content or in
the efﬁciency of their recombinases. Sequence analysis revealed that
the known PVL-encoding phages carry Red genes which belong to
different families of recombinases namely Redß, Sak4, Erf and Gp2.5
(data not shown). These recombination systems were recently
described to be widespread among temperate phages (Lopes et al.,
2010). Since we have no sequence information on ST80 prophages we
can only speculate on a possible link between phage recombination
functions and the observed abnormal excision of Φ02-02404.
Material and methods
Bacterial strains, prophage induction by mitomycin, Northern analysis
The S. aureus ST80 strains 02-02404 (RKI, Wernigerode), TP7 and
MRSA1330 (both Med. Microbiology, Tübingen) as well as the CC1
strain MW2 (USA400) were used in this study. All strains harbor PVL-
encoding phages as shown by standard PCRs employing primers
speciﬁc for luk-PV (Wirtz et al., 2009) and the phage integrase
(Goerke et al., 2009).
For prophage induction, strains were grown to the exponential
growth phase (OD600=0.8, 2 h) in CYPG medium (10 g/l casamino
acid, 10 g/l yeast extract, 5 g/l NaCl, 0.5% glucose and 0.06 M
phosphoglycerate) (Novick, 1991), at which point different concen-
trations of mitomycin C (300 ng/ml or 1 μg/ml) or medium as control
were added, followed by further incubation for 2 h.
Bacteria were harvested by centrifugation and dissolved in 1 ml
Trizol reagent (Invitrogen, Karlsruhe, Germany). RNA was isolated
from the bacterial pellet and Northern blot analysis was done as
described previously (Goerke et al., 2000). Speciﬁc primers for recA
(Goerke et al., 2006a) and luk-PV (Wirtz et al., 2009) were used to
generate digoxigenin-labeled probes by PCR-labeling (Roche Bio-
chemicals). Quantiﬁcation of luk-PV transcripts was performed by
Light Cycler RT-PCR as described (Wirtz et al., 2009).
PFGE and Southern hybridization
For analysis of whole chromosomal DNA PFGEwas performed after
restriction endonuclease digestion with BamHI or ApaI (Roche
Biochemicals). Southern hybridization of PFGE gels was performed
as described (Goerke et al., 2004). Digoxigenin-labeled probes were
obtained by PCR-labeling (Roche Biochemicals) with primers speciﬁc
for luk-PV (Wirtz et al., 2009) and the PVL-phage integrase Sa2int
(Goerke et al., 2009).
Sequencing
Semi-random PCR was performed to sequence the attR/L sites of
the integrated phage Φ02-02404, employing primers speciﬁc for luk-
PV (MW2circleseq-for 5′-AGAAAGTTACCACGCACA-3′) and the inte-
grase gene of ΦMW2 (MW2circleseq-rev 5′-TCAAAGAGAAATGGA-
TAGATA-3′) combined with arbitrary primers tt-AB4 or ct-AB4 as
described (Goerke et al., 2004). A nested PCR was carried out with the
speciﬁc primers and primer AB4 consisting of the conserved part of
the arbitrary primers, and amplicons were directly sequenced using
the same primers (4base lab). For sequencing of the attP region in the
circularized form ofΦ02-02404 a Long-Range PCR (5Prime, Hamburg,Germany) was performed employing primers MW2circle2-for and
MW2circle-rev. The PCR amplicon was cloned directly into pCR2.1
(Invitrogen, Karlsruhe, Germany), digested with either EcoRI or
BamHI (Roche Biochemicals) and the obtained fragments were
subcloned into pUC18. Clones of interest were sequenced using
universal primers (4base lab). For sequencing of the genomic region
surrounding the phage integration site in strain 02-02404 a Long-
Range PCR (5Prime) was performed employing primers LR02-02404-
for (5′-AGGGAAAGGCACAACATT-3′) and LR02-02404-rev (5′-
ATTTTCTCCTTCCATTCATCTC-3′). The amplicon was cloned into
pCR2.1 and sequenced using universal primers and the internal
primers 02404seq-for (5′-ACATTTTCACTGTTACTTTTT-3′) and
02404seq-rev (5′-CACATAAATGGGTGATGAGCT-3′). Sequence data
were analyzed using Vector NTI software (Invitrogen).
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